Introduction
All organisms have the capacity to synthesize nucleotides de novo and to salvage or recycle the components (bases or nucleosides); however, the balance between biosynthesis and recycling may differ in distinct types of cell and at crucial stages of development. In general, de novo biosynthesis is important in rapidly dividing cells in which there is an obvious requirement for new nucleic acids, and for uridine diphosphate (UDP)-sugars and cytidine diphosphate (CDP)-lipids that are used to make other components of cells.
The de novo pathway for the biosynthesis of the pyrimidine nucleotide uridine monophosphate (UMP) in all higher organisms involves six steps that in turn are found in only three polypeptides. The genetics of the pathway have been studied extensively in the fruitfly, Drosophila melanogaster. The proteins encoded by the Drosophila genes r, dhod and r-l are glutamine-dependent carbamyl phosphate synthetase, aspartate transcarbamylase and dihydroorotase (CAD; catalysing steps 1-3 inclusive), dihydroorotate dehydrogenase (DHODH; step 4) and uridine monophosphate synthase (UMPS; steps 5 and 6; comprising orotate phosphoribosyltransferase and orotidine 5Ј monophosphate (OMP) decarboxylase), respectively. Drosophila strains that are mutant in any of these genes have defective wings, and the females are sterile because they cannot provide the mRNA for the pyrimidinebiosynthetic enzyme in the embryos of their offspring. However, the immature and adult mutant fruitflies survive by synthesizing pyrimidine nucleotides from uracil and uridine obtained from the diet and from recycling, respectively (Nørby, 1970; Conner and Rawls, 1982) . Porter et al. (1995) and Yang et al. (1995) reported that the r and dhod genes are transcribed abundantly (dhod from a special male-limited transcriptional start) during spermatocyte development in Drosophila. However, the proteins are not translated from mRNA until several days later, during spermatid differentiation, and thus DHODH and CAD are present in mature Drosophila spermatozoa. In contrast, the r-l gene is transcribed for a much shorter period, only during gonial cell divisions, and the UMPS protein is not detected in spermatids or spermatozoa. Thus, only a truncated pathway for UMP synthesis is found in Drosophila sperm cells.
DHODH protein has been detected in the mitochondria of ejaculated mature bull and human spermatozoa (Dietz et al., 2000) using immunocytochemistry, immunoblot Reproduction (2002) 123, 757-768 Research Enzymes of the pathway for de novo biosynthesis of pyrimidine nucleotides have been reported in spermatozoa from fruitfly and mammals. The aim of the present study was to test the hypothesis that the enzymes for biosynthesis of uridine monophosphate (UMP) are concentrated near the mitochondria, which are segregated in the mid-piece of spermatozoa. Baby hamster kidney fibroblasts were compared with spermatozoa from rams, boars, bulls and men. Antibodies raised against synthetic peptides from sequences of the multienzyme polypeptides containing glutamine-dependent carbamyl phosphate synthetase, aspartate transcarbamylase and dihydroorotase (CAD) and UMP synthase, which catalyse reactions 1-3 and 5-6, respectively, were used, together with an affinity-purified antibody raised against dihydroorotate dehydrogenase (DHODH), the mitochondrial enzyme for step 4. Western blot analysis, immunofluorescent microscopy and immunoelectron microscopy confirmed that CAD and UMP synthase are found in the cytoplasm around and outside the mitochondria; DHODH is found exclusively inside the mitochondria. CAD was also located in the nucleus, where it has been reported in the nuclear matrix, and in the cytoplasm, apparently associated with the cytoskeleton. It is possible that CAD in the cytoplasm has a role unconnected with pyrimidine biosynthesis.
analysis of extracted proteins and specific enzyme activity, and by detecting the activity of the enzyme in spermatozoa in the seminiferous tubules (Löffler et al., 1996) . The finding that DHODH is located in the mitochondrial inner membrane in fibroblasts (Chen and Jones, 1976; Rawls et al., 2000) led us to compare UMP synthesis with the urea cycle, in which channelling between the enzymes in the cytoplasm and mitochondria has already been demonstrated (Cheung et al., 1989; Watford, 1991) (Fig. 1) . Because CAD and UMPS are obtained in the cytosolic fraction when prepared from cell extracts, they would be expected to cluster on the outer surface of mitochondria rather than attach to or become integrated in the membrane, because neither protein has a mitochondrial targeting sequence (Suttle et al., 1988; Guy and Evans, 1994) as has been shown for DHODH (Rawls et al., 2000) . ATP is required for the biosynthesis of carbamyl phosphate and for the synthesis of 5-phosphoribosyl 1-pyrophosphate (PRibPP) for step 5, and would be conveniently provided from the mitochondrion. The mitochondrion may also be a source of bicarbonate ion for the synthesis of carbamyl phosphate. If CAD and UMPS molecules are found near the mitochondrion, small metabolites can be dedicated (channelled) to use in the biosynthetic pathway without leaching out into solution.
If CAD were present near the mitochondria of spermatozoa, it would provide dihydroorotate as a substrate for DHODH to convert to orotate, also generating electrons that can be transferred via ubiquinone to the respiratory electron transfer chain. Porter et al. (1995) suggested that these electrons might have a downstream redox effect that is important in the motility of spermatozoa. Dietz et al. (2000) proposed that the production of orotate might play a role in the maturation of spermatozoa, in sustaining morphology or in modulating motility, whereas the electrons may repay some of the energy cost for biosynthesis. The presence of UMPS in spermatozoa would complete the biosynthetic pathway and allow the further use of orotate for synthesis of UMP; however, as there is no DNA or RNA synthesis in mature spermatozoa, there is no apparent role for newly synthesized nucleotides.
In this study, immunoblot analysis and immunocytochemistry were used to determine whether mammalian spermatozoa contain both CAD and UMPS. Mammalian fibroblasts, in which enzymes for all six steps are present, were used to confirm methods of detection.
Materials and Methods

Antibody production
Antibodies were generated against synthetic peptides corresponding to the two sites in the multi-enzyme polypeptide CAD that are known to be phosphorylated by protein kinase A. Peptides S1 and S2 correspond to the sequences of phosphorylation sites 1 and 2, respectively (Carrey and Hardie, 1988) . These peptides, each of 16-18 amino acids, were synthesized by Bristol Peptides (G. Bloomberg, Department of Biochemistry, School of Medical Sciences, University of Bristol, Bristol) and inoculated into sheep (Fig. 2) . The antibodies were separated by affinity chromatography on columns to which each peptide had been bound separately (Harlow and Lane, 1988) . The sera and antibody preparations are referred to as 'anti-S1' and 'anti-S2'.
A similar procedure was adopted using peptides corresponding to sequences in the other cytoplasmic enzyme activities of pyrimidine biosynthesis. A sequence from the aspartate transcarbamylase (ATCase) domain in CAD was chosen because the same region in the homologous catalytic subunit of the E. coli ATCase is known to be accessible to solvent (Scully and Evans, 1991) . Two sections of 16 residues, one from each of the enzyme activities in UMPS, were chosen from the published sequence (Suttle et al., 1988) to include charged and polar residues that are more likely to occur on the surface of the molecule. These peptides were inoculated in pairs into three rabbits, giving the opportunity of two antibody preparations for each peptide, after separation on affinity columns as described above.
The anti-DHODH antibody was the affinity-purified antibody raised in rabbits against recombinant human DHODH described by Dietz et al. (2000) . Another anti-UMPS serum was provided by T. Traut (University of North Carolina, Chapel Hill) (Han et al., 1995) .
Cells (growth of cell lines and collection of spermatozoa)
The hamster fibroblast cell lines were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum using standard methods. The over-producing cell line was originally derived by selection against the transitionstate analogue phosphonacetyl L-aspartate (Kempe et al., 1976) and has been re-selected against the analogue to eliminate cells that do not over-produce the CAD protein.
The 'parental' cell line, baby hamster kidney (BHK)-21 clone 3, was obtained from the European Collection of Animal Cell Cultures (CAMR, Salisbury).
Semen was collected from bulls and rams by artificial vagina from AI (artificial insemination) animals held at the Genus Breeding Centre (bulls) and the Royal Veterinary College (rams). Boar semen was collected by the gloved hand method from AI boars at the Gene Transfer Centre (South) of PIC (UK). Ram semen was diluted into RPMI-1640 medium for biochemical investigation or into PBS for preparation of smears on microscope slides. Bull and boar semen were each diluted into commercial transport diluent for transfer to the Royal Veterinary College at dilutions of about 20-40 ϫ 10 6 spermatozoa ml -1 . The ejaculates of these stud animals are of high density, and have high sperm viability and little contamination by other cells; therefore, the swim-up procedure was unnecessary to select a highly motile sperm population.
Human semen was collected from healthy volunteers and spermatozoa were purified using the swim-up procedure as described by Dietz et al. (2000) .
Immunocytochemistry
Hamster fibroblasts were grown on sterile multi-chamber slides (Sterilin) to allow parallel treatment of cells in the fixing and staining processes. The cells were fixed on the surface of the chambers with 0.5% (v/v) glutaraldehyde in 200 mmol piperazine-N,NЈ-bis(2-ethanesulphonic acid) (PIPES) buffer l -1 , pH 7.2, for 30 min at room temperature, washed with distilled water and then air-dried. For fluorescent immunocytochemistry, the cells were permeabilized with 1% (v/v) Triton-X100 in PBS (0.1 mol phosphate l -1 , 0.1 mol NaCl l -1 , pH 7.9) and 1 mmol phenylmethyl sulphonyl fluoride (PMSF) l -1 for 5 min. Non-specific binding sites were blocked with 2% (w/v) BSA in PBS, before each chamber of the slides was flooded with the relevant primary antibody diluted with PBS. The cells were exposed to the primary antibody for 1 h at room temperature and subsequently the secondary antibody (linked to the fluorophores tetramethylrhodamine isothiocyanate (TRITC) or fluorescein isothiocyanate (FITC); anti-rabbit or anti-sheep; from DAKO, Ely) for 1 h in the dark. Between each stage, the slides were washed thoroughly with PBS, and the dividing walls between the chambers were removed before the final step of the process. The mounting agent and coverslide were placed in position just before the slides were viewed on the Zeiss LSM 510 confocal microscope with a Zeiss Fluar ϫ 40/1.3 oil Ph3 objective, using excitation wavelengths of 488 nm (argon laser) for FITC-stained slides and 543 nm (helium-neon laser) for TRITC-stained slides.
Spermatozoa to be used for confocal fluorescent microscopy were washed in PBS and 1 mmol PMSF l -1 , and diluted to a final concentration of 2-5 ϫ 10 7 cells ml -1 . Samples of 100 µl were then smeared on to glass microscope slides and air-dried. Permeabilization, blocking and antibody binding were carried out as described above, except that after permeabilization, the cells were fixed by immersion for 5 min in buffered formal saline and washed with distilled water before proceeding with the blocking steps. For electron microscopy, both sperm cells and fibroblasts were fixed at an ambient temperature for 30 min in 0.5% (v/v) glutaraldehyde in 200 mmol PIPES buffer l -1 , pH 7.2. Spermatozoa were centrifuged during fixation at approximately 15 800 g in a microcentrifuge, and the solid pellets were then washed in PBS and stored at 4ЊC. Cultured cells were washed in PBS, scraped from the flask and then pelleted at 15 800 g. Pellets were cryoprotected in 2.1 mol sucrose l -1 in PBS for at least 30 min before being frozen in liquid nitrogen and cut into sections on a Leica ultracryomicrotome. Ultrathin (unstained) cryosections were cut at a nominal 50-100 nm and labelled with primary sheep antibodies detected using rabbit anti-sheep antibodies followed by protein A gold (Lucocq, 1992) . The density of gold labelling was estimated using stereological techniques as described previously (Lucocq, 1994; Deak et al., 1998 ).
Preparation of cell extracts for electrophoresis
CAD is prepared routinely from the post-mitochondrial supernatant of an extract of the over-producing cell line (Coleman et al., 1977) ; thus, a sample of this supernatant from both the over-producing and 'parental' BHK-21 cells (clone 3) was used in SDS-PAGE. Subsequent immunoblotting, in which the proteins on the surface of the membrane are regarded as having regained the native conformation, was used to screen for appropriate antibodies with a positive band at the expected molecular mass for CAD (> 220 kDa) or UMPS (50 kDa). The antibodies used in the present study identified both proteins in blots from the post-mitochondrial supernatant from fibroblast extracts, and samples of these extracts were used as controls with the extracts from spermatozoa.
Because CAD is vulnerable to attack by proteases, yielding a range of smaller fragments that will crossreact in the immunoblotting process, the extraction methods used in the present study for spermatozoa included high concen- The bands from a soluble extract (S100) of ram spermatozoa. Antisera were a rabbit anti-CAD serum, developed for electrochemiluminescence with anti-rabbit IgG; and anti-S1, developed with anti-sheep IgG. The prominent band at 53 kDa is seen in the control lanes (no first antibody or pre-immune sheep antibody: not shown) and appears to be specific to extracts from ram spermatozoa developed with anti-sheep IgG.
trations of protease inhibitors (ten times higher than usual). Boar or ram spermatozoa were washed, homogenized in hypotonic buffer in the presence of protease inhibitors and boiled for 2 min in electrophoresis buffer (Lämmli, 1970) . The boiled extract was centrifuged at 15 800 g for 2 min and the supernatant was used on the gel. This extract was the total extract of the cells. A further sample of spermatozoa was homogenized as above and then separated by centrifugation at 10 000 g for 10 min at 4ЊC: the pellet was P10 and the supernatant was separated by centrifugation at 100 000 g for 1 h at 4ЊC into pellet (P100) and supernatant (S100). Each sample was resuspended in electrophoresis buffer so that similar volumes were equivalent to the same number of spermatozoa used in the extraction. After boiling, only P10 formed a precipitate when centrifuged at 15 800 g (the supernatant was applied to the gel), confirming that this sample contained the sperm nuclei (Travis et al., 1998) . The P100 and S100 extracts corresponded to membrane proteins and soluble proteins, respectively. Samples were run in 6.5 or 7.5% (w/v) acrylamide mini-gels in SDS-PAGE (Lämmli, 1970) .
Extracts of human spermatozoa were obtained and processed as described by Dietz et al. (2000) .
Immunolabelling and electrochemiluminescence of blots
After electrophoresis, the proteins were transferred to a membrane (Immobilon P, Millipore) by semi-dry blotting for 90 min at a fixed voltage that delivers a current of 0.8 mA per cm 2 using the Pegasus blotter (PHASE, Lübeck). Lanes were identified by temporary stain with 0.1% (w/v) brilliant blue R (Serva) in 50% (v/v) methanol or by Ponceau red stain, followed by immunostaining and electrochemiluminescent (ECL) development using the reagents and instructions from Amersham Pharmacia Biotech. Lanes containing molecular mass markers were cut from the membrane and then stained permanently with 0.1% (w/v) brilliant blue R in 40% (v/v) methanol and 1% (v/v) acetic acid, followed by destaining in 50% (v/v) methanol.
Results
Specificity of antibodies
Antibodies raised against synthetic peptides from the CAD sequence are potentially very specific as the immunogenic epitope corresponds to such a small part of the large protein molecule, and as they were purified by affinity chromatography using peptides similar to the immunogens. The specificity of these antibodies (from both sheep and rabbits) was confirmed by immunoblotting against intact CAD and against fragments of CAD generated by limited digestion with trypsin (Carrey and Hardie, 1988) . For example, the anti-S1 antibody reacted with intact CAD and with the fragments known to contain the C-terminal domains of carbamoyl phosphate synthetase (CPS) II (including 'nicked CAD' at 190 kDa), and the anti-ATCase antibody reacted with CAD and with the appropriate fragment of approximately 40 kDa. In contrast, the anti-S2 antibody reacted only with intact CAD (Fig. 3a) , as the region of CAD that contains the epitope is lost early in the limited digestion of CAD by trypsin (Carrey and Hardie, 1988) . Attempts were made to confirm the specificity by adding the relevant peptide (S1, S2) to the immunoblot interaction, to prevent the binding of the sheep antibodies. The peptides were not able to displace the antibodies from the blotted protein, indicating that the antibodies had a very high affinity for the relevant epitopes of CAD. Thus, although the affinitypurified antibodies may still contain several populations with different crossreactivities, the specificity for the relevant region of the target protein appears to be absolute.
Rabbit antiserum 40, which had been raised against peptides from each domain of UMPS, reacted with a protein of approximately 50 kDa, as expected for UMPS, in the soluble fraction of an extract prepared from the BHK-21 clone 3 cells (not shown).
When immunoblots were incubated for long periods or without sufficient blocking reagent, it was noted that some molecular mass standards were recognized strongly by antirabbit secondary antibody. Similarly, anti-sheep antibody (with no primary antibody incubation or with pre-immune serum) recognized a 47-53 kDa band in ram sperm extract, as shown in the experimental lane (Fig. 3b) and the control lanes (not shown).
Identification of proteins in cell extracts by immunoblot analysis
The affinity-purified anti-DHODH antibody detected DHODH in the total extract of boar spermatozoa and also in the P10 extract, corresponding to the fraction containing nuclei and mitochondria (Fig. 4a) . No DHODH was detected in the P100 or S100 fractions, confirming the expected distribution (Dietz et al., 2000) . When authentic UMPS was used as the immunogen (Han et al., 1995) , the resulting antiserum reacted with bands at 66 and 50 kDa in a soluble extract from fibroblasts and in the S100 extract from ram and human spermatozoa (Fig. 4b) . This finding confirms that UMPS is present in the soluble portion of the cells. The band at 28-29 kDa is thought to correspond to the orotidine decarboxylase domain resulting from partial digestion of the UMPS molecule (Floyd and Jones, 1982; Han et al., 1995) .
Attempts at detecting CAD in soluble extracts from spermatozoa were much less successful. The bands from a soluble extract (S100) of ram spermatozoa is shown (Fig. 3b) . A rabbit serum, raised against purified CAD, reacted with a series of bands representing impurities seen in all extracts and by the anti-rabbit antiserum alone. The lane developed with anti-S1 immunoglobulin had a prominent band at 53 kDa, which was also seen in lanes developed with preimmune serum or no first antibody. Bands corresponding to CAD and 'nicked CAD' were recognized by anti-S1 in this preparation of ram spermatozoa. Not only may CAD be sparse in spermatozoa but also the protein may be poorly transferred into the blotting membrane, as myosin standard was also transferred to Immobilon P less efficiently than the lower molecular mass proteins.
Identification and location of proteins in intact cells
Fluorescent immunolabelling of BHK cells. Fluorescent immunolabelling and confocal microscopy confirm that the antibodies used in the present study can detect all the enzymes for UMP synthesis in cells from the BHK-21 clone 3.
The location of CAD, in cells fixed in situ, was probed with sheep antisera raised against peptides S1 and S2. Immunofluorescence located the epitope corresponding to S2 in the cytoplasm with a net-like distribution similar to a cytoskeletal element, and in some very bright spots over the nucleus (Fig. 5a ) with very intense immunofluorescence in rounded and dividing cells. The distribution of the S1 epitope (not shown) was similar.
The presence of DHODH and UMPS in fibroblasts was probed either with the affinity-purified rabbit antibody (anti-DHODH) or with an unfractionated serum raised against peptides from UMPS (rabbit serum 40, containing both anti-EYN and anti-LRG). The immunofluorescence (Fig. 5b shows UMPS detected by serum 40) confirmed that both proteins were located in the cytoplasm, and that neither was found in the nucleus. The fluorescence shown by anti-DHODH was not high enough to distinguish a punctate distribution equivalent to that in the mitochondria, as expected from previous studies (Dietz et al., 2000; Rawls et al., 2000) .
Fluorescent immunolabelling of spermatozoa. The distribution of CAD protein as shown by immunofluorescence was similar in spermatozoa from rams, bulls and boars (Figs 5d, 6a,b) . In spermatozoa, the mitochondria are packed in a regular array in the mid-piece, between the head and the flexible flagellum, all surrounded by a thin coat of cytoplasm (Curry and Watson, 1995) ; thus, they can be readily distinguished from other organelles. In these three species, sheep anti-S1 (not shown) and anti-S2 stained the mid-piece intensely, and in many cells bright fluorescence was also observed in the centriole region near to the head. Staining in the bull spermatozoa extended along the entire length of the tail (Fig. 6a,c) . Anti-S2 was also seen in a 'cone' of bright fluorescence in the head of spermatozoa from all three species. The location and shape of the fluorescent signal corresponds to the equatorial segment of the acrosome, a thin area of cytoplasm that usually remains attached to the head after the acrosome reaction (Watson, 1975) .
The antibody raised against DHODH gave a weaker fluorescent signal in the mid-piece (not shown). Permeabilization of the plasma membrane with Triton-X100 provided an optimal system for the detection of CAD, but the process differed from the method used by Dietz et al. (2000) to detect DHODH and it may have been less efficient in permeabilizing the mitochondria. The fluorescent signal attached to anti-DHODH antibody was never observed in the head region of spermatozoa. Affinity-purified antibodies raised against the OMP decarboxylase domain of UMPS were observed in ram spermatozoa staining the mid-piece strongly, and in the back part of the head (Fig. 5e ) in some cells. The latter distribution may correspond to the thin coat of cytoplasm found in the postacrosomal region and the equatorial region, although it is not as distinct as the staining with anti-S2.
Immunogold electron microscopy
The distribution of the enzymes was also investigated using immunogold electron microscopy. Labelling for CAD in BHK-21 clone 3 cells (Fig. 7a) was found around the mitochondria closely associated with the outer membrane. The density of labelling was 5.2-fold higher in the cytoplasm compared with the nucleus, indicating that the majority of CAD molecules were present in the cytoplasm of these cells, where the cytoplasm is a larger compartment than the nucleus.
In fixed spermatozoa, labelling was concentrated in the mid-piece among the outer dense fibres and around the outside of the mitochondria (Figs 7c, 8b) . In other sections, labelling was concentrated in the segmented section of the mid-piece between the mitochondrial stack and the centriole at the head end of the mid-piece (Fig. 7b,d ), corresponding to the highly fluorescent area seen using confocal microscopy. A significant amount of gold labelling was also detected in the nucleus of spermatozoa from boars, bulls (Fig. 7b,c,d ) and rams (Fig. 8) .
Discussion
The multi-enzyme proteins CAD and UMPS can be purified separately from the soluble fraction of cells or tissues, and their enzyme activities have been studied extensively (Shaw and Carrey, 1992; Irvine et al, 1997 ). An immunocytochemical study of the location of CAD in BHK fibroblasts, using polyclonal antisera (Chaparian and Evans, 1988) , showed a 'punctate distribution' of the protein throughout the cytoplasm that the authors nevertheless did not identify as mitochondria. In subcellular fractions, they found only 2% of the ATCase activity of CAD with the mitochondrial fractions, whereas 30% of the activity was associated with the nuclear fraction, a higher amount than that indicated by the intensity of staining in the nucleus. However, Chaparian and Evans (1988) also noted that a soluble extract from 'purified' nuclei contained about 4% of the ATCase activity, an amount that could arise from contamination and, therefore, these authors concluded only that the CAD mole-cules were associated with an organelle that co-sediments with nuclei. In a recent biochemical analysis, the CAD protein has been identified within the nuclear matrix of mammalian cells, where it acts as an anchor protein through which adenovirus-directed replication is localized in discrete foci in the nucleus of the host cell (Angeletti and Engler, 1998) . CAD and the adenovirus preterminal protein were found together in rings encircling the sites of active replication (shown by BrdU incorporation) in infected cells. CAD may have a similar role in the nucleus of uninfected cells, not directly connected with pyrimidine biosynthesis. It is difficult to imagine an active biosynthetic role for CAD in the nucleus of the mammalian spermatozoon.
In the present study, immunofluorescent microscopy of the BHK-21 cell line used by Chaparian and Evans (1988) confirmed the distribution of CAD in both the nucleus and cytoplasm. Similarly, in the ultra-thin sections used in electron microscopy, the labelled gold beads were seen in the nucleus and cytoplasm, where they clustered around the mitochondria. The ratio of gold beads found in the two compartments supports the idea that some CAD may always be present in the nucleus (see above).
In spermatozoa, substantial immunogold labelling of CAD is found throughout the nuclear matrix in the ultrathin sections, but immunofluorescent labelling is not found in the nucleus of intact spermatozoa. In this case, the lack of fluorescent label is probably caused by poor access, even in fixed cells, through the dense heterochromatin in the head, and does not indicate the absence of the protein.
Both immunofluorescent and immunogold labelling demonstrated the distribution of CAD in the mid-piece of spermatozoa, among the mitochondria. Fluorescent labelling also identifies this region as the location of UMPS and thus the association of these two proteins with the mitochondria has been confirmed.
Fluorescent labelling was also found in the thin cytoplasmic layer to the rear of the large acrosomal vesicle in spermatozoa, especially the intense anti-S2 signal observed in the equatorial region. CAD fluorescence is observed at the centrosome, and both CAD and UMPS are seen in the rear part of the head; this finding indicates that the two multi-enzyme proteins are not solely attached to the outside surface of the mitochondria in the mid-piece. A net-like distribution of fluorescence was observed in the fibroblast cytoplasm, indicating that these enzymes may be linked to a component of the cytoskeletal network. The intermediate filament protein, vimentin, is an important constituent of the network in the equatorial region of the spermatozoon (Curry and Watson, 1995) . This protein has been shown to copurify with nucleoside diphosphate kinase (Otero, 1997; Pinon et al., 1999) and with uridine phosphorylase (Russell et al., 2001) .
It is an intriguing possibility that CAD may also associate with vimentin and with one or both of these other enzymes (nucleoside diphosphate kinase and uridine phosphorylase) if they are found in spermatozoa. As CAD has an UTPbinding site, nucleoside diphosphate kinase uses UDP as a substrate and uridine phosphorylase uses uridine, the combination of these enzymes may provide a sensitive means of detecting the external concentration of uridine. Uridine is a major component of seminal fluid (3-4 mmol l -1 : Ronquist et al., 1985) in which it may act to promote motility or as an Henkel, unpublished) . It is possible that as the spermatozoon travels up the reproductive tract and away from the bulk fluid, the loss of uridine may be detected and transmitted to the cytoskeleton, initiating changes in the shape of the cell or the location of the nucleus that are crucial to the acrosome reaction and fertilization.
There is no information on the expression of the pyrimidine biosynthetic enzymes during the stages of mammalian spermatogenesis to compare with the work in Drosophila (Porter et al., 1995; Yang et al., 1995) . Whether the proteins are from a former developmental stage or whether they play a role during the process of capacitation (Harrison, 1996; Guraya, 2000; Travis et al., 2001) or fertilization remains to be elucidated. It should be noted that the entire spermatozoon, apart from the contents of the acrosome and its overlying membranes, enters the cytoplasm of the egg at fertilization (Ben-Yosef and Shaldi, 2001) . The proteins of the nuclear matrix will accompany the DNA, and will be dispersed as the nucleus breaks up. Mitochondria and other organelles and proteins are ubiquitinated and destroyed soon after fertilization, but the centrioles remain (Schatten, 1994) possibly carrying a cargo of CAD along with the microtubules that are organized from the centrosome. There is evidence for the crucial role of some soluble proteins from spermatozoa (Swann, 1990; Fissore et al., 1998; Jones et al., 1998; Parrington et al., 1999) in permitting the changes that occur as the fertilized egg prepares for DNA replication and cell division. As there is no role for newly biosynthesized UMP in the spermatozoon, perhaps CAD and UMPS are carried into the egg to complete the pathway for pyrimidine biosynthesis after the male mitochondria are destroyed. However, the nuclear CAD may have an accessory role in the active replication of DNA; and cytoskeletal CAD may act as a monitor of external conditions (uridine concentration).
In summary, the results of the present study indicate that not only are CAD and UMPS found in spermatozoa, but also that they are located close to the mitochondria. These two proteins contain five enzyme activities between them and, with the mitochondrial enzyme DHODH, they make up the six steps for biosynthesis of UMP. Thus, the enzymes for the complete biosynthetic pathway are physically associated in the cell. Immunoblot analysis confirmed that DHODH is found in the mitochondrial membrane, and that UMPS and CAD are located in the S100 extract (soluble portion) of mammalian spermatozoa. In addition, immunocytochemistry demonstrated that CAD and UMPS are found in the mid-piece of the spermatozoa, and that some CAD is also found in the nucleus of the fibroblasts and spermatozoa. It is also possible that CAD is connected with a cytoskeletal protein.
